Over the past years, the use of antidepressants and neuroleptics has steadily increased. Although incredibly useful to treat disorders like depression, schizophrenia, epilepsy, or mental retardation, these drugs display many side effects. Toxicogenomic studies aim to limit this problem by trying to identify cellular targets and off-targets of medical compounds. The baker yeast Saccharomyces cerevisiae has been shown to be a key player in this approach, as it represents an incredible toolbox for the dissection of complex biological processes. Moreover, the evolutionary conservation of many pathways allows the translation of yeast data to the human system. In this paper, a better attention was paid to chlorpromazine, as it still is one of the most widely used drug in therapy. The results of a toxicogenomic screening performed on a yeast mutants collection treated with chlorpromazine were instrumental to identify a set of genes for further analyses. For this purpose, a multidisciplinary approach was used based on growth phenotypes identification, Gene Ontology search, and network analysis. Then, the impacts of three antidepressants (imipramine, doxepin, and nortriptyline) and three neuroleptics (promazine, chlorpromazine, and promethazine) on S. cerevisiae were compared through physiological analyses, microscopy characterization, and transcriptomic studies. Data highlight key differences between neuroleptics and antidepressants, but also between the individual molecules. By performing a network analysis on the human homologous genes, it emerged that genes and proteins involved in the Notch pathway are possible off-targets of these molecules, along with key regulatory proteins.
Advances in neuroscience and behavioural medicine have shown that, like many physical illnesses, mental and behavioural disorders (i.e. depression, schizophrenia, epilepsy) are the result of a complex interaction between biological, psychological, and social factors (WHO, 2001) . Antidepressants and neuroleptics are mostly used to treat these conditions. For example, chlorpromazine is a lipophilic molecule, characteristic which improves its absorption (Broeders et al. 2013) , and one of the most used phenothiazine neuroleptic for the treatment of schizophrenic patients (Parmentier et al., 2013) . These substances can alter the mood or the behaviour by acting primarily on the central nervous system, and they are also defined as central nervous system drugs (CNSDs) (Hunsberger et al., 2009) . Antidepressants directly inhibit the reuptake of at least one monoamine neurotransmitter in the brain (serotonin, dopamine or noradrenaline), or block their degradation (Sagud et al., 2011) , while neuroleptics act on the GABAergic/dynorphinergic neurons (Ma et al., 2006) . There are evidences that these substances are associated with adverse secondary effects in humans, whose mechanisms are poorly understood (Ericson et al., 2008) . Correll and coworkers (2015) when summarizing the relationship between antipsychotics, antidepressants, mood stabilizers and physical illness/domain, highlighted that neuroleptic drugs may affected obesity, diabetes, gastrointestinal, hematologic diseases, and movement disorders. In contrast, antidepressants may induce musculoskeletal diseases, endocrine system diseases, and liver dysfunction. Therefore, research is needed to develop more effective, and highly specific drugs with fewer side-effects.
The yeast S. cerevisiae provides an unprecedented toolbox for the dissection of complex biological processes (Tenreiro et al., 2013) as many pathways are conserved between yeast and human cells (Botstein and Fink, 2011) . The yeast deletion collections were used in drug screening, primarily with the goal of uncovering the mechanism of action, and the targets of the molecules used (Giaever and Nislow, 2014) . Fitness data, derived by haploinsufficiency or homozygous/haploid profiling, allow the description of a compound signature at the cellular level. With this respect, the growth rates of S. cerevisiae mutants, in the presence of a specific drug, can be easily correlated to the cellular fitness. In these experiments, gene deletions that render cells sensitive to a specific drug can identify pathways that buffer the cell against the toxic effects, providing clues about its mode of action (Parsons et al., 2006) , and help identifying target genes important to confer drug resistance (Hoon et al., 2008) . This process is considered rapid and unbiased (Andrusiak et al., 2012) . Finally, the use of S. cerevisiae, together with a cross-species comparison of important genes/ proteins, might help to elucidate the response to toxic insults at a systems level, and to predict the mode of action of similar compounds in other species. These studies are specific to functional toxicogenomics (Dos Santos et al., 2012) , and they could contribute not only to environmental risk assessment, but also to develop detoxification strategies (dos Santos and Sa-Correia, 2015) as the one based on "safer by design" strategy (van Leeuwen et al., 2012) .
In a physiological and ultrastructural analysis on the effects of CNSDs in yeast, it was shown that upon treatment with these drugs, an inhibition of respiration, cytochrome formation and disruption of mitochondrial morphology were observed (Marmiroli et al., 1985) . More recently, it was demonstrated that phenothiazines have the capacity to perturb the yeast cellular membrane, to inhibit translation by inducing formation of processing bodies (p-bodies), and to inhibit hexose transporters (Araki et al., 2015; Uesono et al., 2008 Uesono et al., , 2016 . Moreover, data showed that mutants defective in membrane trafficking are highly sensitive to the neuroleptic drug chlorpromazine (De Filippi et al., 2007) .
Therefore, in this study, the aim was to identify specific yeast off-targets of chosen neuroleptics and antidepressants, and to apply the results to human cells. To do this, a genome wide screening was carried out on a yeast mutants collection grown in the presence of the neuroleptic chlorpromazine to identify mutants more sensitive or more tolerant than the wild type to this stress. Next, a Gene Ontology (GO) analysis was carried out to identify enriched functional categories, and off-target genes that were further analysed by a network analysis. At the same time, the effects of more substances, three antidepressants (imipramine, doxepin, and nortriptyline) and two neuroleptics (promethazine and promazine), were analysed combining in vivo and in vitro studies to further understand possible differences between off-targets of similar drugs.
MATERIALS AND METHODS

Yeast Strains and Culture Conditions
A yeast library composed of 4634 haploid deletion mutants and created in a MATa BY4742 background was used (Open Biosystems, Huntsville, AL, USA). Unless specified, cells were grown at 30 C on liquid YPD medium (10 g l À1 yeast extract, 20 g l À1 peptone, 20 g l À1 dextrose, obtained from Sigma-Aldrich Corp., St. Louis, MO, USA) or on solid YPD (2% w/v agar). For mitochondria visualization, wild type (WT) cells were transformed with the plasmid pYX142 codifying a mitochondria-targeted red fluorescent protein (Mito-RFP) (Westermann and Neupert, 2000) , and selected on minimal medium lacking leucine. For p-bodies analysis, WT and selected mutants were transformed with the plasmid pDN-DCP2-GFP (kindly provided by Y. Uesono and described in Araki et al., 2015) and selected on minimal medium lacking uracil.
Determination of the Minimal Inhibitory Concentrations (MIC 99 )
A serial dilution spot assay was carried out using the WT strain BY4742 to determine the MIC 99 for chlorpromazine on solid medium. The range of concentrations tested was 50-1000 lM.
To determine the MIC 99 in liquid medium, stocks (prepared at the concentration of 20mM in ddH 2 O) of promazine, chlorpromazine, promethazine, imipramine, doxepin, and nortriptyline (Sigma-Aldrich Corporation, St. Louis, MO, USA), were serially diluted in YPD medium containing exponentially growing yeast cells (1 Â 10 7 cells ml À1 ).
Characterization of Growth Phenotypes
The screening of the genome-wide deletion strains collection was carried out as previously reported (Graziano et al., 2016; Marmiroli et al., 2016) . Briefly, individual plates from the deletion strain collection (384-well format master plates with one empty well as negative control) were inoculated using a 384-pin tool (Nalgene Nunc International, Corporation, Rochester, New York, USA), into 150 ll liquid YPD with 200 lg ml À1 geneticin (Sigma-Aldrich Corporation) supplemented or not with a sub-lethal concentration of chlorpromazine (180 lM). Five replicates starting from fresh liquid cultures were run for each strain. The growth of each mutant was quantified as the signal intensity of the single colony with respect to the background signal, using Quantity One Gel Doc (Bio-Rad Laboratories, Inc., Hercules, CA, USA). For each mutant, the average growth intensity was calculated, and it was normalized dividing by the average value of the WT strain used as a control; this value is called Growth Phenotype (GP). Strains identified as being either more sensitive or more tolerant than the wild type strain (WT) to chlorpromazine were validated using a spot assay. To do this, a ten-fold serial dilution (10 6 -10 1 cells ml
À1
) was made in rich medium and a 4 ll aliquot of each dilution was spotted on solid medium, in the presence or absence of 180 lM of chlorpromazine. To test the growth given by the presence of promazine, chlorpromazine, promethazine, imipramine, doxepin and nortriptyline, exponentially growing cells were cultured in a 96-well plate overnight at 30 C in liquid medium containing either the MIC 50 , MIC 75 or the MIC 99 of each molecule. Growth was assessed using an iMark TM plate reader (Bio-Rad).
Statistical, Bioinformatic, and Interactomic Analyses
The identity of the gene deleted in each mutant with a sensitive or tolerant GP was established by reference to Saccharomyces Genome Database (SGD) (http://www.yeastgenome.org; last accessed July 2016). Statistical analyses were performed using the software SPSS 21.0.0 for Windows (V C Copyright IBM Corporation 1989 . GO analysis was performed using both GO Slim Mapper of SGD which searches for terms representing the major biological processes, and the server DAVID v.6.7 (http://david.abcc. ncifcrf.gov; last accessed July 2016; Huang et al., 2009a) . For the latter, genes were clustered on the basis of their GO class. Next, using the Functional Annotation Clustering tool, the enrichment in each biological process GO class is evaluated for statistical significance (P-value, Fisher Exact test). The geometric mean of the P-values of each cluster, produces an enrichment score (E-score), which implies the nature of the cluster's biological activity. Minimum
Enrichment score was set to 1.3 as suggested (Huang et al., 2009b 
ROS Measurements and TTC Assay
To measure Reactive Oxygen Species (ROS) concentration, WT cells were pre-incubated with 20 lM of 2 0 ,7 0 -dichlorofluorescein-diacetate (DCFH-DA) for 25 min, washed in 1Â Phosphate-buffered saline (PBS) and resuspended in minimal medium containing the CNSDs at the MIC 75 and incubated for 3 and 5 h, in biological triplicates. Samples were then collected by centrifugation at 10 000 rpm for 2 min, suspended in 450 ll of lysis buffer (25 mM HEPES, 100 mM NaCl, 1 mM EDTA, 10% v/v glycerol, 1% v/v Triton X-100), 2 ll of isoamyl alcohol and 0.4 g of glass beads, then broken with a FastPrep TM FP120 BIO 101 Thermo Savant (Qbiogene, Inc., Cedex, France). The supernatant was then transferred to a 96-well plate and the fluorescent ROS signal was read with a fluorometer (SpectraFluor, Tecan Group Ltd. M€ annedorf, Germany) at a fluorescence excitation of 458 nm and an emission of 535 nm. Mitochondrial function was assessed using the colorimetric TTC (2,3,5-triphenyl-tetrazolium chloride) assay (Ogur et al., 1957) . Respiration deficient cells are unable to reduce TTC, so the colonies remain non-pigmented, whereas respiration sufficient ones induce the formation of a red pigment. Cells (10 4 cells ml À1 ) were grown in liquid YPD, exposed for 24 h to the MIC 75 of each molecule for 24 h, after which $100 cells were plated on YPD for 3-5 days at 28 C (an optimal temperature for petite induction). Each treatment was performed in three replicates. Respiratory sufficient colonies (coloured red) and respiratory deficient colonies (coloured white) were plated onto YPG agar (1% w/v yeast extract, 2% w/v peptone, 2% w/v glycerol) to confirm the phenotype.
Microscopy and Image Analysis
To visualize mitochondria, WT cells expressing mitoRFP were grown in minimal medium in the presence of the CNSDs at the MIC 75 for 24 h and visualized using an AXIO Image Z2 (Zeiss, Jena, Germany). For p-bodies analysis, exponentially growing WT and mutant cells expressing Dcp2-GFP were treated for 1 h with either 0.78 mM of promethazine, 1.56 mM of imipramine or 1.24 mM doxepin, these concentrations correspond to four-fold the MIC 99 . Images were acquired within 5 minutes from slide preparation. To quantify the content of p-bodies, the software ImageJ was used (http://imagej.nih.gov/ij/; last accessed July 2016), the background was corrected by using the rolling ball algorithm (Sternberg, 1983) , and then the image was thresholded with an iterative procedure based on the isodata algorithm (Ridler and Calvard, 1978) , finally p-bodies number in each image was automatically analysed by the software. Data were then correlated with the number of cells. For each condition, at least 400 cells were analysed.
RNA Isolation and Quantitative Reverse Transcription-PCR (qRT-PCR)
Exponentially growing WT strain, BY4742, was inoculated into YPD containing the MIC 75 concentration of each molecule, respectively 146 lM of promethazine, 292 lM of imipramine, 75 lM of promazine, 22.5 lM of chlorpromazine, 232 lM of nortriptyline or 292 lM of doxepin, and grown for 3 h at 30 C. Total RNA was isolated using RNeasyV R Minikit (Qiagen GmbH, Hilden, Germany) according to manufacturer's instructions. RNA concentration was determined using a spectrophotometer (Cary 50 Varian, Agilent Technologies, Santa Clara CA, USA). Total RNA (500 ng) was reverse transcribed into cDNA using QuantitectV R Reverse Transcription kit (Qiagen) according to manufacturer instructions. The subsequent qRT-PCR was based on 5 ng cDNA template, 2X SYBRV R Premix Ex Taq TM II (Tli RNaseH Plus, Takara Bio Inc., Japan) in the presence of 250 nM of each forward and reverse primer, (sequences detailed in Supplementary Table 1 ). The reaction was conducted in an ABI Prism V R 7000 Sequence Detection System (Life Technologies, Carlsbad, CA, USA), with the following program: 50 C for 2 min, 95 C for 10 min, then 40 cycles of 95 C for 15 s, 60 C for 60 s, immediately followed by melting curve analysis. All qRT-PCR data were analysed using the 2 -DDCt method (Livak and Schmittgen, 2001) , implemented in the Data Assist v2.0 software package (Life Technologies). The tool geNorm v3.4 was used to identify the optimal reference gene, included within Data Assist v2.0 (Supplementary Table 1 ). The expression levels obtained by qRT-PCR were treated and presented as DCt levels using the mathematical formula of Livak and Schmittgen (2001) , by determining the average of the relative expression levels using POLR2A as reference gene. Each qRT-PCR data point represented the mean of three technical replicates.
RESULTS
Determination of GPs after Growth in the Presence of Chlorpromazine and GO Analysis
In a first experiment, the treatment with a sublethal concentration of chlorpromazine 180 lM (MIC 99 corresponded to 210 lM) was performed on the mutants (4634) library using an array format, which allowed to create a specific chemical-genetic interaction profile. The GP values range was between 0 (no growth -high sensitivity) to 2.5 (growth -tolerance). The data ( Figure S1 ) were normally distributed according to both the KolmogorovSmirnov test and the Shapiro-Wilk one (P-value < 0.0001). In addition, descriptive statistic showed a mean GP of 0.937 and a standard deviation of 0.601. GP of each mutant was considered significantly different from the WT if its z-score was at least 1.5 above or below the mean. With this imposition, 265 mutants were classified as susceptible (MS) and 277 were considered tolerant (MT) to the treatment with chlorpromazine. Next, to understand which biological processes were represented in MS and MT, a GO search was run on both groups (Table 1) . Biological processes which resulted significantly over-represented in our data sets were: chromatin organization, regulation of transcription, response to chemical, vacuolar acidification and regulation of pH, regulation of cell cycle, cell wall biogenesis, and aromatic aminoacid biosynthesis. Among those, the categories of chromatin organization and regulation of transcription, are particularly interesting for the evaluation of the effects of CNSDs, considering that understanding the action of antipsychotic drugs on transcriptional regulation, and on epigenetic mechanisms may constitute an important advancement in this field of research. Next, a selection of genes for further analysis was performed using these criteria: (1) genes belong to chromatin organization and regulation of transcription GO classes; (2) they are not among those genes classified as multidrug resistance (MDR) or environmental stress response (ESR) (Fry et al, 2005) ; (3) they have a human homologous gene.
Twelve genes involved in the regulation of basal transcription or its elongation (SSN8, PAF1, RDS1, BUR2, HAP5, AFT1, SPT20, RIM101, RGT1, MSA1, PUT3, PGD1) and six genes involved in chromatin modification, nucleosome assembly and chromosomes transmission (FPR4, RPD3, HOS2, PAT1, NGG1, SGF11) were chosen. In the list reported above, the deletion of SSN8, PAF1, RDS1, BUR2, HAP5, AFT1, SPT20, RIM101, PAT1, NGG1, SGF11, determined sensitivity to chlorpromazine, while lack of RGT1, MSA1, PUT3, PGD1, FPR4, RPD3, HOS2 determined tolerance (see Supplementary Table 1 and Table 2 ).
Interactomic Map Analysis
Interactomic networks allow to deepen the functional, logical and dynamical aspects of any cellular system, and to define the relationship between genotype and phenotype. Therefore, to evaluate the importance of each selected gene products the yeast network map was analysed using GeneMania ( Figure 1A) . Here, an interactomic map was generated based on the assumptions that the probability of functional interactions between correlated genes is higher than those between non-correlated ones, and that similar interaction patterns are shared between genes involved in the same cellular process. In Figure 1A , the query genes are represented by black circles, and they are involved in many connections, especially of the genetic type. Therefore, they can be defined as hubs of the system. Hubs are often considered essentials for the correct functioning of a cell. By analysing the network map, we see that the query genes have an average of 10 primary interactors. The queries with the highest number of interactions are: SGF11, RPD3, HOS2, and PAT1.
It is interesting to see that nine out of the eighteen S. cerevisiae selected genes, do have a human homologue (Table 2 ). In The list of genes/mutants obtained by the chlorpromazine screening was analysed to determine the GO classes that were significantly enriched (P < 0.01), with respect to the normal distribution of the same classes in the genome of S. cerevisiae. Genes corresponding to mutants tolerant or sensitive were classified according to Biological Processes functional categories. The analysis was performed with both GO Slim Mapper and with the server DAVID. particular, homologues of SSN8 (cyclin family), RPD3 (histone deacetylase family), have also been implicated in the development of certain human diseases. Moreover, interactomic map with the human homologues genes ( Figure 1B) showed that query genes interact functionally with different nodes regulating the Notch pathway. In particular, transcription regulators such as HEYl/1/2, HES1/5, and RBPJ are found. In addition, the different HDACs (histone deacetylases) interact with the regulatory proteins NCOR1/2 and TBL1X.
Growth of Selected Mutants in the Presence of Neuroleptics and Antidepressants
One of the objectives of this study was to compare the yeast response to neuroleptics versus antidepressants. Therefore more substances, three antidepressants (imipramine, doxepin, and nortriptyline) and two neuroleptics (promethazine and promazine) were analysed. For each molecule, the MIC 99 in liquid medium was defined as follow: 100 lM for promazine, 30 lM for chlorpromazine, 195 lM for promethazine, 390 lM for imipramine and doxepin and finally 310 lM for nortriptyline. In order to identify highly sensitive or sensitive mutants, each selected mutant was grown in the presence of neuroleptics or antidepressants at sub-inhibitory concentrations corresponding to the MIC 50 and MIC 75 . In addition, they were grown at the MIC 99 to identify tolerant mutants. Data reported in Figure 2 show that pat1D and spt20D strains are highly sensitive to both groups of molecules as they are not able to grow in any of the conditions tested. As expected, at higher concentrations of each molecule, the list of sensitive mutants increases. Indeed, at the MIC 75 also mutants in genes RIM101, RDS1, PAF1, BUR2, and NGG1 are unable to grow. Most of the products of these genes are involved in transcription regulation. At the opposite, seven mutants affected in transcription regulation and chromatin maintenance (HOS2, PGD1, PUT3, RGT1, FPR4, RPD3, MSA1) are able to fully grow at the MIC 99 . Interestingly, aft1D at the MIC 75 displays a higher sensitivity to neuroleptic compared to antidepressant. This phenotype is confirmed for aft1D also at the highest concentration, and here a similar phenotype is shown also by ssn8D. Ssn8 is important to maintain the telomeres, while Aft1 changes distribution upon DNA replication stress. The different phenotype recorded in aft1D and ssn8D could suggest that the presence of neuroleptics might give an extra stress to the replication of the DNA, and to its maintenance, which results in death even at concentrations below the MIC 99 . If this is true, mutants whose gene products are involved in DNA stress response should display a similar phenotype. To test this hypothesis, the growth of three different mutants: rad50D, rad9D, and exo1D was analysed. The proteins coded by these genes are involved in processing DNA double stranded breaks and post replication repair. The results showed that rad50D, rad9D, and exo1D are growing poorly in the presence of the MIC 75 of any neuroleptics, while they are tolerant to the same relative concentration of the antidepressants used (data not shown).
Analysis of Mitochondria State
Previous studies had shown that some CNSDs have the capacity to disturb the normal mitochondrial activity. An effect that was especially clear in pathogenic yeasts such as Candida albicans. The GO analysis with SGD slim term (Table 1) shows that treatment with chlorpromazine indeed affects mutants lacking genes regulating mitochondria activities. Therefore, the morphology of these organelles was observed to see if any change would occur upon the different treatments. To visualize mitochondria, yeast was transformed with a plasmid carrying a modified RFP (mitoRFP) which can be specifically expressed within the organelles. Microscope analysis ( Figure 3A) showed that no differences can be detected after 24 h of treatment at the MIC 75 , the only exception being cells treated with nortriptyline. Indeed, here an increase of 30% of punctuated fragmented mitochondria ( Figure 3A ) was observed. To evaluate the oxidative stress given by these molecules, the ROS concentration of the WT treated with the six CNSDs at the same concentration (MIC 75 ) was checked. Data indicate that ROS levels increase upon addition of the molecules ( Figure 3B) . Moreover, the presence of nortriptyline and doxepin elicits higher oxidative stress, an effect which is clearly seen after 5 hours of treatment, but which is already present after 3 h of incubation (data not shown). In addition, incubation for 24 h with these molecules at the MIC 75 increases between two and three-fold the relative petite mutant concentration (data not shown). Interestingly, analysis of ROS content in AFT1 and RAD50 mutants showed that in the presence of neuroleptics or antidepressants ROS levels are similar to the control condition. P-Bodies Analysis P-bodies regulate mRNA degradation, and their concentration in the cell may vary in the presence of cellular stress. Previously, it was shown that in order to inhibit translation, local anaesthetic induces the formation of p-bodies in yeast cells (Araki et al., 2015) . Therefore, it was evaluated how neuroleptics or antidepressants influence the production of these structures, and if this phenomenon correlates with the capacity of the mutants to survive a specific treatment. To do this WT and mutant strains were tagged with a construct carrying the protein Dcp2 fused with GFP, which co-localize with the p-bodies. Data shows that promethazine, imipramine and doxepin can induce the formation of with promazine, imipramine or nortriptyline at the MIC75. Images were taken using fluorescence light. For clarity, the profiles of each cell were drawn. B: relative ROS concentration of the WT, aft1D and rad50D treated for 5 h with the six molecules at the MIC75. All the data are relative to the ROS concentration of each strain after 5 h of growth in minimal media containing no molecules. Error bars represent standard deviation. Asterisks correspond to the significance given by the Student-Ttest: *P < 0.05, **P < 0.005, ***P < 0.0005. these structures in the WT (Figure 4 and Supplementary Table  2 ). It was confirmed that absence of Pat1 has a strong impact on the formation of processing bodies, and it was found that lack of Fpr4 and Ssn8 did not allow induction of p-bodies formation in the presence of promethazine or imipramine. At the opposite, the treatment with doxepin allows p-bodies formation in these mutants. Overall, induction of cytoplasmic foci is stronger in the presence of doxepin (Supplementary Table 2 ).
Transcription Profiling
In order to identify the molecular signature of a given molecule, the growth was correlated with the expression profile of the selected genes. Therefore, exponentially growing WT cells were treated for 3 h in the presence of the CNSDs at the MIC 75 , and the expression of the genes listed in Supplementary Table 1 was evaluated by qRT-PCR. A summary of the transcription profiles of the selected genes is given in Figure 5A . All genes responded to treatments: most of them were down-regulated by the stresses, only two genes were up-regulated in the same conditions, PAT1 and RIM101. The cluster analysis evidenced that the transcriptional profiles obtained with the antidepressants imipramine or doxepin were significantly different, while the GPs of the same set of mutants in the presence of the two antidepressants were significantly correlated (r 2 0.81). Only BUR2, PAF1, PUT3, RDS1, and SSN8, showed a different transcriptional regulation to the three treatments. Imipramine and promethazine upregulate these five genes, while doxepin down-regulates them. Therefore, the expression of these genes was quantified also in response to promazine and chlorpromazine (neuroleptics), and to nortriptyline (antidepressant). A summary of the transcription profiles is given in Figure 5B . Here, most of the selected genes were strongly down-regulated by the different treatments. PAF1, PUT3, and RDS1 are downregulated by promazine, chlorpromazine, nortriptyline, and doxepin, while promethazine and imipramine induce their expressions. The situation is similar also for BUR2, which shows also a slight upregulation in the presence of promazine. Finally, SSN8 was up-regulated in response to nortriptyline, but down-regulated in all the other conditions.
DISCUSSION
Toxicogenomic aims to identify the relationship between genes, and their functions, in response to specific molecules or drugs. This allows on the one hand, to clarify the mechanism of action of the same molecules and, on the other hand, to highlight possible off-targets (Ericson et al., 2008) . In this paper, a toxicogenomic approach was employed to characterize the effects of chlorpromazine on S. cerevisiae. This organism is a perfect model to perform these studies, considering that several pathways are evolutionary conserved between yeast and humans (Botstein and Fink, 2011) . Chlorpromazine is one of several derivatives of promazine, which stood out for its activity not only as an antihistaminic, but also for its parasympathetic and adrenolytic properties. Indeed, it is able of cancelling out, and even inverting (at high dose), the effect of adrenaline on blood pressure (L opez-Muñoz et al. 2005) . Its discovery made possible the deinstitutionalization of psychiatric patients, the development of both new psychoactive drugs and antipsychotic agents, the improvement in the methodology of clinical psychiatric research and the design of a new set of diagnostic criteria (L opez-Muñoz et al. 2005 ). An important question to consider is how specific was the response seen upon a certain treatment. To test this point, the data obtained by the presence of chlorpromazine were compared with previously published results where treatments were done by 5-fluoruracil and nystatin (Graziano et al., 2016) , or with nanoparticles . The comparison shows that only 3.5% of the mutants are sensitive to the three kind of molecules examined, and only 1.1% displays common tolerance FIG. 4 . P-bodies microscopy images. Fluorescence microscopy images of WT, pat1D and pgd1D grown in YPD or in YPD with promethazine, imipramine and doxepin for 45 minutes. pat1D and pgd1D are shown as an example since they display opposing phenotypes. pat1D forms almost no p-bodies except when doxepin is present, while in pgd1D p-bodies are already present on YPD, the untreated control. For a better image quality, black and white colours were inverted. Therefore, black spot represent p-bodies.
(data not shown). Instead, the overlap between MS and MT obtained with chlorpromazine treatment or with cadmium sulphide quantum dots is only 1%. Therefore, these data show that the response to chlorpromazine is highly specific. GO analysis evidenced functional categories that belong to the regulation of cell cycle, cell wall biogenesis, response to chemical, aromatic aminoacid biosynthesis, and regulation of pH. This is not surprising as many genes involved in the MDR or ESR belong to these categories (Fry et al., 2005) .
However, in our data sets the categories of chromatin organization and regulation of transcription were enriched. A recent study evidenced that RNA processing genes, and essential genes with chromatin remodeling functions are targeted by psychoactive drugs (Ericson et al, 2008) . Furthermore, a new pharmacological strategy regarding the possibility to induce a more permissive chromatin conformation using drugs, such as valproate (which is a HDAC inhibitor), has been described (Guidotti and Grayson, 2014) . By analysing the network map, we see that the query genes, and especially SGF11, RPD3, HOS2, and PAT1, have a high number of interactors. They are hubs of the system, reinforcing their role as master regulators of the cell physiology (He and Zhang, 2006) . To be noted is also the importance that chromosome acetylation has on the correct cell response to the CNSDs used. Indeed, the absence of the histone acetyltransferase NGG1, or SGF11 and of SPT20, a member of the SAGA complex that works with NGG1, determines sensitivity to the molecules. Reduced acetylation is associated with higher levels of gene transcription (Mizzen et al., 1998) . In our case, this could indicate a higher expression of stress related genes, or a less tightly regulated gene transcription, a situation that could lead to the observed sensitive. This hypothesis is supported by the observation that at the opposite absence of histone deacetylase RPD3 or HOS2, gave tolerance.
In WT cells, the concentration of ROS strongly increases in the presence of antidepressants, a phenomenon which is combined with the induction of petite mutants. Indeed, oxidative damages lead to mitochondrial genomic instability, which brings to the formation of respiratory deficient cells (Doudican et al., 2005) . The presence of neuroleptics and antidepressant gives opposite phenotypes for the mutants: ssn8D, aft1D, rad9D, rad50D, and exo1D. Their wild type genes products are involved in maintaining the chromosome stable at the levels of the telomeres, in the response to DNA replication stress, in processing DNA double stranded breaks, and post replication repair (Askree et al., 2004; Symington, 2002; Tkach et al., 2012; Toh and Lowndes, 2003) . Neuroleptics give to the cell a higher stressful condition as compared to antidepressants as the presence of neuroleptics combined with the absence of key genes involved in DNA repair, makes the cells more sensitives to these molecules. These results are supported by the observation that chlorpromazine negatively affects cell lines that are sensitive to DNA damaging agents (Barak et al., 1996) . On the contrary, the data showed that mutants of this group are more tolerant to the presence of imipramine, nortriptyline, and doxepin, a phenomenon that is supported by that fact that ROS levels do not change in these growing conditions compared to the untreated control. ROS production has been linked to the correct response to stressful settings (Moraitis and Curran, 2004) . Their increase can lead to apoptosis, a conserved suicide cell programme that eliminates damaged cells (Madeo et al., 1999) . Indeed, in this condition, WT cells display a reduced growth (Figure 2 ), but the complete inhibition is observed only at higher concentrations. When considering these results and their possible translation to the human system, it is important to compare the concentrations used with the therapeutic ones (especially with their plasmatic concentration). This comparison ( Supplementary Table 3) shows that the concentrations are all in the same range. Unfortunately, it is almost impossible to know the penetration rate of CNSDs and their local concentration for example in the brain, as the latter depends on many factors like blood-brain barrier permeability, the brain compartmentalization, the brain-plasma ratio, the pharmacokinetics, or the pharmacodynamics (Reichel, 2009) .
P-bodies are cytoplasmatic foci regulating mRNA degradation if cells are exposed to certain stresses (Sheth and Parker, 2003; Teixeira et al., 2005) , such as the presence of local anaesthetics (Araki et al., 2015) . Induction of these structures correlates with translation inhibition as they contained initiation factors and non-heat shock mRNAs. Upon recovery from the stress these proteins and messengers could be reengaged in translation (Grousl et al., 2009; Morano et al., 2012) . Here, doxepin is the strongest inducer, although no correlation can be seen between the capacity of forming cytoplasmatic foci and the capacity of surviving the stress.
CNSDs, when used in humans, are associated with adverse secondary effects. Unfortunately, the mechanisms that underlie these off-target effects are poorly understood. The qRT-PCR transcription analysis showed that genes involved in regulating cell cycle: BUR2, PAF1, and SSN8 (Betz et al., 2002; Yao et al., 2000) , display different transcriptional profiles. More specifically, promazine and chlorpromazine (aliphatic phenothiazine) treatments, determined similar transcriptional profile; samples treated with doxepin and nortriptyline (derivatives cycloheptatriene) belong to the same transcriptional clusters, and finally samples treated with promethazine and imipramine display a similar response. In summary, ROS concentration, the p-bodies analysis, and the transcriptome studies evidenced that belonging to the same category (antidepressant vs. neuroleptics) does not imply the observation of the same phenotype. Nortriptyline and doxepin are antidepressant as imipramine, but the first two stimulated ROS accumulation, p-bodies formation and showed a different transcription profile respect to imipramine.
The search of human homologues and the network analysis pointed to the centrality of Notch pathway regulation. Among the nodes belonging to this pathway, we find: HEYl/1/2 (transcription factors involved in Notch signalling and regulation of cell fate decisions), HES1/5 (transcription factors connected to Notch regulations and the regulation of cell differentiation), and MAML1/2 (human homologues of mastermind, a Drosophila protein that plays a role in the Notch signalling pathway) (Iso et al., 2003; Lavery et al., 2011; Wu et al., 2000) . In addition, this pathway is involved in cell fate, differentiation, proliferation, and death (Ables et al., 2011; Kopan and Ilagan, 2009 ). Interestingly, it has been reported that atypical neuroleptics might have an effect on the regulation of the cell cycle by the Notch pathway (Kondo et al., 2013) .
In conclusion, the present study was able to highlight the specific yeast response not only between drugs classified as neuroleptics or antidepressant, but also among specific molecules. This approach pointed out the importance of the Notch pathway, and identifies the latter as a potential off-target. In accordance, this opens the possibility to the design of more specific drugs with fewer off-target and side effects according to a new design strategy known as "safer by design" (van Leeuwen et al., 2012) . All these principles were underlined in the TOXICHIP approach (Graziano et al., 2016) . According to this, in vivo functional genomic using deletion mutants can be complemented with transcription analysis of few relevant genes to provide the core evidence for the action of different kind of molecules and substances (i.e. drugs or nanomaterials).
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